NACA TN No. 1481

bu'CHQN ch?

A

- NATIONAL ADVISORY COMMITTEE

FOR AERONAUTICS

TECHNICAL NOTE

No. 1481

DIAGONAL TENSION IN CURVED WEBS
By Paul Kuhn and George E. Griffith

Langley Memorial Aeronautical Laboratory
Langley Field, Va.

FOR REFERENCE
WW
Wa.shington. :
November 19&'_7 e
LI~ - COP
.- 01693




L m mares e al—— —r

?J\‘ i llﬂ Il

1176 01425

NATTONAL ADVISCORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE No. 1481

DIAGONATL TENSION IN CURVED WEBS
By Peul Kuhn and George E. Griffith

SUMMARY

The englneering theory of incomplete dlagonal tension in plans
webs presented in NACA TN No. 1364 is generalized in order to meke
it applicable to curved webs. Comparlsons are given between
calculated and experimental results for a nupber of stiffensd cylinders
gubjJected to torsional loads. The results Indicate that the theory
predicts the stresses to about the same accurecy for curved webs
as for plens webs. The failing stresses in the stringers in curved
woebs wers predicted conservatively in all ceses. .

INTRODUCTION

foronautical practice in the design of stiffened sheet-metal
structures has loug been to permit buckling of the sheet except for
such restrictions as may be imposed by asrodynamic conslderetions.
When the shee 1s subjected essentially to sheer forces, the state
of stress thal exists after buckling has talken place is known as
diagonal tension. The theory of diagonal tenslon in plane ({lat)
webs was developed in considerable detail by Wegner {reference 1)
for the theoretical limiting case of fully developed dlagonal tension.
For the practicel and more general cese of pertly developed plene
dlegonel tension, theories of varying scope and refinement have beon
given by a nudber of authors. Ths engineering theory of incom:pla'be
plene disgonal tension glven in reference 2 1s semiemplrical but
is slmple to use and has a wide scope.

A theory of dlagonsl tension in curved webs lias also been given _ o
by Wagner, again for the theoretical limiting case of fully developed
diagonal tension (reference 3). Because the curvature introduces
several camplications, Wagner was forced to make more restrlictlve
essumptions in the theory of curved webs than in the theory of plane”
webs. These edditional complicatlions have greatly reterded the
development of a theory of incomplste curved diagonsal tension. The
first attempt to develop such a theory was made by Wagner in reference 3,
where he guggested the assumption that the sghear stress in excess of
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the critical value T.p 18 carried by diagonel tension. The resuliing
theory is Jmown to be ungetisfactory for.pisme sheet and oonsequently

ie ilnsccepteble aa basis of a general theory. Schapltz proposed

e semiempirical theory (reference k) but-did not furnish the emplrical

data required to develop it. His thoory is aleo based on an essumption
esgentially equivalent to that of reference 3, slthough Schapitz states
in passing that a different physical action 1s quite conceivuble.

In the present paper, a semiempirical engineering theory of curved
dlagonal tension is obtained by generalizing the thoory of plans dlagonal
tenslon presented in reference 2,

SYMBOLS
d gpacing of rings, inches
h gpacing of stringers, inches
k diagonal-tension factor
g sheer flow, pounds per inch -
t thickness, inches (without suﬁacrip‘b sdgnifies thickneas of
wab)
.cross sectlonal ares, square inches
D - flexural stiffness of panel per wnit length Q Et3 )
2(1 = u?)
inch-pounds
E Young's modulus of elasticity, ksl
R redius of cumrvature, inchos
Z curveture parameter G.b% f 1 - IJ.Q or %E- /]T—-—u—a {(Usge
| whichever is smaller of h or d.)
o _ angle of diagonal tenslon, degrees.
€ normal ‘strain

U Poisson's ratio
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c normal stress, ksi ]
T ghear stress, ksl }
P radius of gyretion of cross eection, inches

A correction factor for _a;l_.].awa.ble shear stress. .

Subscripts:

all allowable

cr | oritical

e . . offective

max maximum

T diagonel tension

DT pure diagonal tension

RG ring
8 shear
7 gtringeor

Special Combinations:

kg crltiecel--gshean-stress coefflcient, esteblisghed 'by geomatry
of panel and type of. edge support
Oo "bosic" allowable compreesive gtress for forced. c:qinpling

of stiffeners (valld for stresses below proportional limit
of materisl), ksl

T™*. 11 "bagic" allowable shear stress, kel
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ENGINEERING THEORY OF CURVED DIAGONAYL TEZNSION
State of Stress before Buckling of Sheet end
Celoulation of Buckling Stress
When a stiffened cylinder is subjJected to torque loads appliled
at the ends of the cylinder, a mmiform sheer flow q is gonerated
in the sheet (excopt near the ends). No.stresses exist in tho
stiffeners or rings until the sheet begins to buckle. |

According to reference 5, the stress at which the gheet buckles
is given, 1f h is smaller than 4, by the formuls

vo3d 1 .
"'cr=£§f£ - B T ) 2 V47,
the ¥y Vg
K 2EhS
i (1)
12R%22

If & is emaller than h, thoen 4 replaces h In the formila.
The coefficient kg 1s given in figure 1 as a function of Z. This
theoretical formuls assumes that the edges of the penel ara simply
supported, whereas actually the edgses of panels are riveted to
stiffeners or rings. However,.the agreement between experimentally
observed buckling stresses and stresses predicted by formula (1) is
good, as shown in reference 5 and agein confirmed by the tests made
in the present investigation, Formule (1) was therefore used to
evaluate the tests to be described subsequently hereln end le
recommended for use in stress analysis. A reduction factor might

be necessary when ths thickness of the stiffemer (or the ring) is
approciably less than the thiclmess of the gheet. For flat sheet,
such g reduction factor was given in reference 2. TFor sheet with
appreciable curvature, the reduction appeers to be lesa than that for
flat sheet, but the avallasble date are insufficient to warrant even
tentative recommendatione for a reductlion factor. A substential
reductlion factor is probably necessary when the sheet 1s very thin
(t < 0,020 1n,).
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.Btate of Btress after Buckling of Sheet

When the torgue inoreases beyond the magnitude that produces
& shear stress equal to T,y 1in the sheet, the sheet buckles and
begins to carry the-shear 'flow partly in diagonal tension. This
ection produces compressive forces in the stringers and in the rings,
end the corvesponding stress system may be considered es the primary
stress system in the twlsted oylinder. The stiffeners, and to a
lesser extent the rings, are also subjected to bending loads; the
stresses caused by these bending achions may be considered es a
secondary stress system and will not he treated in this paper.
Deviations of the sheet siress from a vniform average stress might
also be clasgsified as belonglng to the sscondary stress system.’

The englineering theory of plene diagonel tension given in

reference 2 is based on the assumption that the shear flow q acting
on the sheet can be divided into a d.ia.gonal—tension part O end

a shear part qs by wri'b:Lng

Uyp = W
ag = (1 - Xxig

(2)

The frection Xk specifies the degree to which the diagonal tension
is developed; when k = O, +there is no dlagonsl-tension action,
only shear actlon in the sheet; when k = 1, the dlagonal tension
is fully developed and the laws of pure diagonal tension apply.

The compressive forces in the stringers and rings are caused by the
dlegonal~tension componsnt kq of the total shear flow gq.

The valuwe of k is glven by the empiricel fomﬁa

' & T
k= 4ten h| (0.5 + 300—Y} 1o e 3)
\/ < RD .810 Tcr (

When R—> », +the formule reduces to that given in reference, 2 for
plans disgonal tension. _When the value of the congtant 3 has

been computed, the value or_ k for any deslred velue of Tﬁcr may
be read from figure 2, which is a graphical presentation of formula (3),

.’_1



6 ’ . T ) NAGAM HO. l“"&-

According to the theory of reference 2, the stress in a stringsr
is given by

: .* kT oot & 3 '
(53 L (h')
ST Agp
e 0. 5(1 - k)
and the stress in a ring by
o kTtan @ o
+ 0.5(1 = k)

at

For convenience, the minus slgns on G'Sl,. and %G will be omitted.

in this paper. In stress asnalysis, they must be retained to ensure
the proper combination of itheme stresses with others not arising from
disgonal-tension action.

For plans diagonal tenslon, the theoretlcal calculations made by
Levy and hias collsboretors eand discussed in reference 2 show theat
the campressive stress In a stiffener is not -uniform but has e
minimm velue at the ends of the stiffener and a maxlimum velue in
the middls. The maximum velue ls used to-estimate the resistance of
the stiffener to forced crippling induced by the shear buckles in '
the sheet. For curved diagonal-tension fields, the maximm stresses
may be estimeted by meens of the formulas )

' (+]
ar
nex Sgy
G
a [ e - - o -
- RGC:RG

where the velues of ogy and dp, are those obta.ined. from formulas (k)

~end (5), respectivoly, and the .retios _sg_rm and _%Bx are
Ogp

-
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obtelned from figure 3, which is figure 10 of reference 2. The
theoretical. calcoulations on which figure 3 is based were made for _
plane beams in whioch the ratio of flange area to web area is very large.
This condition ie generally not Fulfilled for cylinders; the accuracy
of the results obtaeined when figure 3 is used for cylinders may
therefore be expected to be lems than when 1t is used for plane

boam webs.

The angle o beotween a generetrix of. the cylinder and the
direction of the dlagonal tension is given by the formula -

tan2 = i (6

¢ _em + (h)z

w_here € 18 theas'bra.in in the sheet along.the directlon of the d.iagonal
tension, Cqp * % 1g the strain in the stringsr, and €Re = -m s

the strain in the ring. The strain € in the sheet is given ‘by the
formule " .

€ -='T-[ 2k -llsinaa..(l-k)(l-;u):l : (n
: E | gin 2a

which can be evaluated with the aid of figure 4. (Wote that egy
end €p. ars inherently negative whon they erlise from the stresses

Ogp end Opg &iven in formulas (4) and (5).)
Formulas (k), (5), and (7) are analogous to the corresponding
formulas for plane diagonal. tension. Formula (6) differs from the
corresponding formula for plans diagonal tension by the term comntaining R,
which digappears for flat ‘sheet. This term conatitutes an allowance for
the fact that the circular cylinder after buckling tends to approach
a polygonal cylinder, the gheet pulling flat from stringesr to stringer
(reference 3)., The coefficient 1/24 im the theoretical coefficient
for fully developed diegonal tension. Theoreticelly, the cocefficient
should be less than 1/2k wmtil the ratio of applied load to buckling
load approaches infinity. Test observations indicated, however, that
the flattening proceeds very rapidly, and triel ca.lculations showed
that the best agreement with the test data was obtained by using the
full value of the coefficlent. The use of the full valus of the
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coefficiont immediately after buckling is also supporited qualltetively
by the test observation,contained in reference 6, thet the shear - -
gtrain of a curved sheet panel generally shoma a laree mata.nta.neous
inorease when duckling tmukes plaoa.

Becauge formulas (4} to (7) are interdepend.ent they muat be - -
solved by successive approximation. A value of o is estimated;
€gp end 6ng Sre caloulated fromfomula! (), (5), and (7}, end the

resulting valuss are used to calcula;be an inproved value of o by means
of formule (6); the process is repeated until the calculated value

of o is sufficiently close to the assumed value. Normally, no

more than three cycles of the computation are necessary.

A firet estimate of the’ a.ngle o may'bema.d.ebymeansof ‘the
formula

o dppy qf;; . (8)

with oppn taken from figure 5 and the ratio a—ﬁ;—r from figure 6. .

The angle Gppp 18 the Inclination that the folds would teke at t.he

glven loed if the sheet were in e state of pure dlagonal teusion, a
condition that could be realized. theoretically if the sheet were
divided into a large number of laminae free to sllde over each other.
(Suck a division wouwld destroy the bending stiffnoss of the sheot
without affecting the extensional stiffness.) The ocwrve shown in
figure 5 wes obtained by solving a trenscendental equation for Sppp

that cen be obitained from equations (4) to (7) on the assumption that
the etiffening ratios Agpht and. Apg/dt are equal. In practice,

these ratlios will probably not be equal, but the curve may be used to
obtain a first-spproximation. The curve shown in figure. 6 is computed
for one specific oylihder .in which both stiffening ratios are equal

to unity. Thls curve lles sbouht in the middle of a scatter band formed
by the curves for a nunber of cylinders within the practicel renge of
proportions. For the cylinders and curved-wed beams analyzed In the
experimental vert of the present investigation, the engle o estimated
by means of formula (8) differed Prom the angle calculated by svccessive
epproximation by less than 2° in most oa.ses, w.lt.h & maxioum _d.if.t‘erence
of about 3°. )
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Ultimate Strength of Sheet . .
The ultimate strength of the sheet can be estimtea. 'by maans of

the empirical formula . S X Do

1

L aT*all (o 65 + A) - (9)

. - e
L iy

where T*a.ll :ls a "basic" a.llowa'ble shear stress, ta.kaen Prom figure 7
for 2u8-T aluminwm alloy, and

A Agp .
= 0.3 tenh %'+ 0,1 tanh 2% . 0
A = 0.3.tanh 2=+ 0.1 tenh 5= - (10)
The velus of. A can be obtained from the greph in figire 8.
_ The chart for 'r* (fig. T7) wes constructéd as follows: The
tcp curve for dppp = l|-5° 1g the empiricel curve for flat sheet and was
teken from figure 14{a) of reference 2. Values of T * 13 for fully

developed diagonal tension (k = 1) were computed for various valuas
of apyn on the basis of the fundamental formula for sheet tensile .

. gtress

. Y ¢ -
C— 2T T e _‘L-‘“:”""‘FL (11)
Bm EGPDT ) ) ,. - -

The curve of 7 * all agalnst k was then constructed for'ea.clf; va.lue
of “PDT on the assumption that the difference between the curve aought
and the cwrve for o = 45° was proportional to k. Eguation (10)

for the correction factor A 1s en empirical expression ba.sed. on an
enelysis of the a.va.ila'ble tegt data.

Oltimate Strength of S'bringsrs

— -

Reference 2 lisgts four, conceivable types of - stiffener failures
in plens shear webs as follows:
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51) Column failure
2) Forced—crippling failure

(3) Natural-orippling failure

(4) General elastic instebility of entire system

The sems types of failure sie comnceivable in curved ghear webs. In
curved webs, the stiffening system is probably always located on the
inatde of the curve; the following discussion 1s therefore confined

single stringers and rings. . o

Column failure.~ Colum fallure mey be expected to take place
vhen the stringer stress ogp equels the colum-failing stress of the
stringer section es determined for e slenderness ratio of d/2p. This
rule given in reference 2 for plane webs ls conslstent with the
consideration that the stringsrs in curved webs will probebly tend to
buckle inward as & result of the radial force exerted by the diagonal
tension, and the bracing action exerted by a plane web (reference 2)
ies then absent; on the other hand, the stringers are usually oontinuous
over several bays and mey, theraefore, be considered as fixed at each
- ring. - (When the stringer is not contimous, as in an end bay, an
appropriate reduction mmst, of course, be made in the allowable stress. )
Moore end Wescoal suggest in reference T that the allowable strees be
teken as that obtained by testing the stringer flat-ended, with a length
equal to the ring epscing. Carefully mede flat-end tests are kmown to
glve restraint coefficlents of 3.75 or somewhat higher. The rule of
Moore and Wescoat 1s therefore slightly more conservaetive than that hist
given, which implies & restraint coefficient of 4.0, but the difference
is well within the probeble scatter limits of diagonal-tension tests;
the direct use of test date implied by tlhie rule also emsures that twisting
fallure of the stringers is taken into account, a factor that might be
overlocked when columm curves are used.

Forced—~orippling failure.— Fallure of a stringer initiated by
forced crippling may be expected to teke plece when the maximum stringer
stress G&q becomes equal to the allowable stress given by the )

empirical formile

t
O = 28k -;ﬂ (12)

If o, exceeds the proportionsl limit, the compressive stress corre—~
sponding to the strein o,/E should be used as ellowable value.
If k<0.5, an effective value defined by

kg = 0,15 + 0.T k (23)
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ghould be used in formula (12). Because the elloweble stress is a
function of the load, the predicted falling load must.be obtained as
the point of intersection of the curve of stringesr stress crsmﬂ against

load and the curve of allaweble stringer stress 6, against loed.

A1l of these formulae for forced. crippling are talnen d.ireo‘bly from
reference 2.

Retural-orippling failure.— The term ' natural-—oripplins fa.:llure“
1s used herein Go denote & failure of the stiffener caused by compreseive
otresses elons. Fallure by forced orippling probsbly always takes
place befors fallure by natural crippiing can occur, but the existing
Imowledge is Hoo limited to permit a positive statement on this question.

Gensral elastic instebility.— An empirical formila for general
elastic instablllity was given recently in reference 8.

Ultima.te Strength of R:Lngs

Only a few ring fallures were observed in the availsble tests R
and they were definitely secondary faillures; comseguently, no procedure
for strength enalysis can be recommended at present. The f'ollcwing
suggestions may be made: oL

(1) Binge riveted to the skin are susceptible to forced. orippling
and should be checked by formula {(12).

(2) Rings notched out to pass the stringers throue;h ghould 'be
checked. to insure that the net section of the notch ls safe agalnst
locel crippling. (The net section must cerry the entire courpressive
force ecting in the ring and hes thersfore a much hlgher st.reas than the
full section of the ring.)

EXPERTMENTAL INVESTIGATION

. Test Specimens

The test specimens consisted of elght 30—Inch-diamster cylinders
of 248-T sluminum alloy, reinforced transversely by rings and longi~
tudinally by 12 equally . ‘speced,stringers. Double stringers were used
on these cylinders in order thab stringer bending stresses might be
eliminated by sultable averagimg of the strain readings. Detalled
dimensions of the cylinders ere given in table 1, and perbinen'b details
of construction are shovm in figures 9 and 10. -
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Additionel test dsta were o'b'ba.ined from references T and. 9 a.nrl rrom
unpublished NACA data.

Test Procedure

Each cylinder wes geoured at ons end to a rigld support while
torque was applied at the other end through e steel frame loaded by a
hydraulic jack. In order to insurs .uniform 'distribution of the loed,
& large circular steel head was abtached to the loaded end of the
oylinders. The weight of this steel head was oountesza.'lancea. 8o that
the cylinders were not su‘b,jected to bend.:l.ng loa.ds. ..

-+ 'stringer gtresses ware ccmpubed. from meapurements with Beldwlinp—
Southwark SR~l resistance-type wire .strain -gages, types A-l, A-5, and A-l2,
with gage lengthg of 13/16, 1/2, and’'1 inch, respectively. a1l gaiges

were used in pairs, one gage on the outer fla.naa ‘of each componsnt
stringer, in order to eliminate (or minimize) the effects of local
bending. A fairly large number of .gages (en average of 58 per cylinder)
wore used at a number of statlons over sesveral bays so that a reasoncble
approximetion to the average stringer stress would be obtained. Ring
stressed were computed from measurements with SR-I gages, types A-L

and A-12, applied to the ring web at the mean redius line of the ring.

Cylinder 7 was accidentaelly loeded before any gage readings were
recordsd to a point where smell bucklss appearsd In the skin. As
indicated in reference 10, the value of the buckling streas T oy Was

probably reduced a small amoumt (approxima.tely 5 percent—or less) by
thils prelosading. .

Cylinder 1l was loaded by a torsion Jig. that was found to have .
Insufficient throw and started to bind at about 95 pércent of tho
ultimate load. For the remalning tests, a new jig was used.

Rasults of Straln Measurements

Flgure 11 shows the stringer stresses obteined from the streins
measured on the 8 cylinders of the present investigation as well as the
stresses computed by means of the proposed englneering theory. As
mentioned in the section "Pest P rocedure"; -strains were weassured dby
pailrs of gages at sbout 20 stations in each cylindar. The average
strain in any one pair of gages, multiplied by Youngls moduvlus, -
répresents the compressive stresa in the stringer at that etation, aublect,
howevar, to errora introduced by locel dbuckling of the stringer. The
lowest and the highest velues of this stress for each cylinder are ‘
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indicated by the tiok ma.rk:s tsminating ths horizqntal 1line drawn for

each losd. The over-all everage (thet is, the average for all 29 stetions)
. 18 indlcated by a clrcle. The agreement hetween the computed curves

and the clrovles 1s coneistently very close for ths cylinders wilth

.. -8quare skin panels zd. = gj 3 for the cylinders with long skin panels

(& = R), the agreement is not so consistent, although reasonably

: sa.tisfaé'kpry except on oylinder 5, The horizonfa.l lines with their tick
' marka shéw that ind.iv:ld.ual stresses can'differ greatly from the average
value as the combinsd’ result of variation of compressive force along the
length of the stringer, secondary bending, and. local 'buckling

The rinf stresses measured on the eigh'b cylind.ers are shown in’
" figure 12. “A8 menhtioned previously, the gtrain geges were attached, to
the webs of the rings st the meen radius. Because the neutral axis

does not colncids with the mean redius, and because the total number of
gages used on the rings was relatively small; the measured ring stresses
cen be donsidered only a8 s rough approxima.tion to the average compressive
ring stress.

' Stringer stresdes for the oylinders tested by Moore and Wescoat
(reference 7) are shown in figure 13. These cylinders had proportions
gimilar to those of the cylinders tested in the pressent investigation;
the mein difference was thet single stringers of inverted - fl..sectiom

" were used (on the outside of the cylinder) instead of double stringers.
The number of strain gages used in the tests of reference 7 was much
smaller than in tho present investigation. In eddition, it mist be
remembered that rigid-body strain gages, such as the Whittemore gnges
used. by Moore and Wescoat on specimens 20 and 21, measure not only-
the comprséssive strain but also the geometric shortening between gage
points induced by bending deflection of the stringera.- In view of
thede fects, the sgreement betwsen computed and measured stresses may
be consldered satisfactory. -

’ Comperison of figures 11, to 13 with filgure 17 of rafeérsnce 2 indicates
that the agreement between measured and caloulated stiffensr stressés is
of the same order on oylinders as on plans-web systems. .

S Ultimate Strength of Sheet =~ = 1,
Before the exporimental evidence on the ultimate strength of
sheets can bé “presented, the design cha.rb of :Eigure 7 :'e_quires some _
discussiém, * - )
e - s —1 s ."- - - s -
As explainsrl in the presenta.tion of figurs T,: the chert 1d derived
from an empirical curve for flet sheet taken from reference 2. Inspection
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of the relevant figures in reference 2 will show that two curves are
glven for oach material, one for webs on which the rivet heads bear
directly on the sheeot and one for webs on which the rivet heads are
separated from the sheet by heavy weshers .or by one leg of the flenge
angle., The curve for the first condition is about 10 percent lower
than that for the second condition and wes used as basis for deriving
the curves of -T* in figure 7, because the most cormon use of
curved webs is on %e outsldo of the eircraft structure where no washers
would normally be used under the rivet heads. In all but one of the

- avellable tests, however, the second condition prevailed. In the cylinders
used in the present investigation, the skin joints were underneath the
double stringers shown in figure 10; in the curved~web boems described
in reference 9, the edge of the web was sandwiched between the flange
engle end a strap of aluminum alloy. Ocnmsequently, the test results
woere not evaluated on the basis of the chart given in figure 7, but on
the basis of a similar chart derived from the appropriate (upper) curve
for fla.t gheet glven in reference a. .

. The exporimental dats emmined ingluded the resuwlia from the present
inveatigation and fromrefarsnces 7 and 9, some wnpublished data on
beama similar to those of reference 9 except that the rings were flat
bars instead of formed Z-sections, and unpublished tests on two cylinders
of 1l5-inch dlemster. The comstruction of these two cylinders was such
that 'bha chart -of figure T was applicebls.

'I'he data on the web fallures experienced 1n the present investi~
gation are ‘given in table 2. (Predicted failing torques have been
corrected to actual sheet properties.) If cylinder 1 is disregarded,
the average ratio of asctusl to predicted strength is about 1,05, with
a scatter of about }0.04, Since the indicated failing load on cylinder 1
was in exror -due to binding of the loading Jig, the .asctual failing
load wes-undoubtedly higher than the indicated one, although it is -
questionable whether the error was as largs as 10 percent. It is possible,
therefore, that the strength prediction would have been scmswhat
unconservative compared with the true ultimate strength. |

On one of the 15-inch c¢ylinders a web failure was experienced with
a ratio of actual terque to predicted torque of 1.03,

For 11 web fallures on beams such as those desoribed in reference 9,
the average ratlc of actual to predicted strength was about 1..05, with
a scatter of ebout 30,08, The scatter band for the beeam tests is
therefore twice as wide as for the prasen'b cylinder tests.

: For the testa on plano-ieb beams di_soussed. in refamnce 2, the
ratio of actual to predicted gtrength wes about 1,07 ¥ 0.06; the
ascuracy of strength prediction 1a therefore about tho same for

. hmed. and, for plans webg.
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Not included in the analysis were two testa (one 15-inch oylinder
and cylinder 15 of reference T} in which sheet failure took plece in an
end bay. Tests of heams with plene webs ipdicate that 1t is very difficult
t0 realize more than about 90 peroent of the web strongth unless the
end bays aré reinforcsd by dcubler sheets, snd much lees may be realized
unless ths end uprights are very cerefully proportioned, In oylinder 15
of reforence 7, only 63 percent of the predicted stransth wes realized
as a result of sheet failure in the end bay (table 2), The introductiom
of a torque into the end of a cylinder probably requiyes a doubler sheet
if the full strength of the sheet .1s to be realized.

Ultimate Strength of Stringers

Table 2 gives ultimate torgues predicted on the assumptlon that
the stringers fail eilther by forced crippling or by solumm action,
Comperison of the predicted with the actpal.falling torjues, also
given in the teble, shows that the strength predictlions wers always
conservetive, The ratioc of asctual to predioted strensth ranges from 1,06
to 1.89 for the cylinders in which the stringers failed, For a large
mumber of tests on plene webs (reference 2), the average ratio was 1.2,
end only in a very few teata was the retio 1.k exceeded appreciebly.
Table 2 shows three testa out of seven with a ratlo appreclably larger
then 1.4, This result indicates either that the predicted maximm
stringer stresses in curved weba are too high or that the allowable
stregses ares higher then in plans web systems,

In passing, it may be ncted that for all the cylinders in table 2
the calculations predicted currectly whethey the failuro would be
sbtringer or sheet fallure.

Checks for general elastlic ingtability by the methnd of refer--
ence B showed thet the cylinders of the present inveatigation had
extremely large margins ageinst failure of this type. For the
oylinders of refersnee T, the margins were smaller, but still positive,
with a minimm margin of about 20 percent. -

CONCLUSIONS

An engineering theory of (incomplete) curved diagonal tension,
obtalned by generalizing a previously published theory of plene dlagonal
tension,” 1s presented together with pertinent test data, Analysis of
the test date by the proposed theory indicates that, for curved webs,
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1. The (primary) campressive stresses in the stiffensrs and rings
were computed by the 'bheou:'y with e.'bou'b the sazha accuracy as for pla.ne

. webs.

2. The fa.iling stresaes of 'bhe sheet were predicted with about:
the seme acc\iracy ag for pla.ne webs., )

- 3 The failing stresses ‘of the stringers were pred.icted
consexrvatively in all ceses , more conservatively and with more
sca.i::ber then for plane wobs. .

Lengley Memorisl Aeronautical Iaboretory
National Advisory Committee for -Aeronautics
langley Field, Ve., August 15, 1947



NACA TN No. 1481 17

9.

REFERENCES

Wagner, Herbort: Flat Sheet Motel (Rrders with Yery Thin Metal Web.
Pert T — Genoral Theories snd Assumptions. NACA TM Ro. 604, 1931.
Paxrt IT — Sheet Metal Girdsrs with Spars Resistant to Bendling.

Oblique Uprights ~ Stiffness, NACA TM Wo, 605, 1931. '
Part TIT — Sheet Metel Girders with Spars Resistant to Bending.
The Stresses in Uprights — Diagonal Tengion Fields, NACA

T™ No. 606, 1931,

Kuhn, Paul, and Peterson, James P.: BStrength Analysis of Stiffensd
Peam Webs. WACA TN No. 1364, 194T.

Wegner, H., and Ballerstedt, W.: Tension Fields in Originally
Curved, Thin Sheets during Shearing Stresses. NACA TM No. 77k,

Schepitz, E.: Contributlons %o the Theory of Incomplete Tension
Bay. NACA T™ No. 831, 1937.

Batdorf, 8. B., Stein, Manuel, and Schildcroub, Muwrry: Oritical
Shear Stress of Curved Rectanguler Pamels. NACA TN No. 1348, 19%7.

Quick, A, W,: Untersuchung oines gekrimmten Zugblechtréigers.
Forschungsbericht Nr. 34k, F1 echnisches Institut an der
Dechnischen Hochechule (Denzig), May 22, 1935.

Moore, R. L., and Wescoetb, ¢C.: Torslon Tests of Stiffened Ciroular
Cylinders, NACA ARR Ko, LE31, 1ohk,

. Dunn, Louis G.: Some Investigationsof the Genorsl Instability of

Stiffened Metael Cylinders. VIII — Stiffensd Metal Cylinders
Subjected to Pure Torsion. NACA TN No. 1197, 194T.

Chiarito, Patrick T.: Some Strength Tests of Stiffened Curved Sheets
Loaded in Shear. NACA FB No. LiD29, 19hk.

10, Kuhn, Paul, and Levin, L. Ross: An Empirical Formule for the

Critical Shear Stress of Curved Sheets. NACA ARR No. LSAO5, 1945.



TABIX 1.— DIMEESTONS OF CYLTHIERS

e 4 B 4 Y t

Pnder | o0y | 1m0 ) | cama) | (129 {02 {taqTin) |0y
1 - (0,028 15.0% |15.00 { 7.87 | 0.052 [0.061 | 0.230 0.197
2 . 0266 (15,03 | 7.50 |7.87 | .050 | .06k | .221 202
3 0265 15,00 (1%.00./7.86:f .033 | .063 | .1%% o198
4 .0266  15.02 | 7.50°] 7.86 g?. 0681 153 | .26
5 0393 | 15.03 |15,00.{T7.87 | . A0k | 1335 .320

. 6 .| 09k]15.05| 7.5 |7.88 | 080 | 204 | .332 L3n
g , .0k28 | 15.04 |15.00 7% 033 | 102 | .239 .31

: 0399 [15.06 | 7.50 | 7. 053 | 102 | ‘239 | .321 |

a ¥
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Predioted ulkimte torqws fop Test ultimete Lorque
falixre Wy [ -y Predicted ultimabe torgue
) (2) (3)
Ttimis
orippling "’-“"'I . (1) (=) (3)
(in~kips) | (in-Xips) | (n-kipa) | {10 Xips) (o) (o) {a)
1 1000 1200 Thi 669 (3) 0.66 |06 | 0.50
2 1010 19% 933 Ohk (3) 93 A8 | 1.0
3 ko 560 93 368 {1) 1.06 T o9
1 %0 1060 933 T2 (1) 1 | 69 | T8
5 1400 9% 1290 g6 (3) .90 65 | 2.03
6 150 3400 1400 1208 (3) 1.01 & | 1.09
T 590 W0 1o80 m3 {1) 1.9 50 BT
8 9% £060 A0 1903 {1) =t (3)|2.38 | 67 | 107
&1k 200 M5 613 W3 () 1.6 7T 55
b L 0 690 635 398 () T o8 .63
820 k70 00 - 601 Mg (1) S |1 [
] %00 700 &35 508 (1) 1.18 N, 50
Syrom Yeferencs 7. '
Teheet fadlure in end Bey withomt dotkler Tlxte.
Spxidon xre based on valwes in colisns Inkiosbed. EATTORAT, ATYIBORY

I8%T "ON NI VOVN
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Figure 2.— Diagonal-tension factor k.
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